Astrocytes in the central nervous system have physiologically important roles in the response to brain injury 1,2 . Brain damage results in disruption of the blood-brain barrier (BBB), producing detachment of astrocyte endfeet from endothelial cells 3 . The resultant leakage of serum proteins from loosened tight junctions between endothelial cells produces brain edema. At the same time, reactive astrocytes migrate to the injured area, where they proliferate and produce extracellular matrix 4-6 , thereby reconstituting the BBB. As astrocytes are known to express angiotensinogen 7,8 , which is the precursor of angiotensins (AI to AIV), we have investigated a possible functional contribution of angiotensinogen or one of its metabolites to BBB reconstitution. The astrocytes of angiotensinogen knockout mice had very attenuated expression of glial fibrially acidic protein and decreased laminin production in response to cold injury, and ultimately incomplete reconstitution of impaired BBB function. Although these abnormalities were rescued by administration of AII or AIV, the restoration of BBB function was not inhibited by AII type 1 and 2 receptor antagonists. These findings provide evidence that astrocytes with angiotensins are required for functional maintenance of the BBB.
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Astrocytes in the central nervous system have physiologically important roles in the response to brain injury 1,2 . Brain damage results in disruption of the blood-brain barrier (BBB), producing detachment of astrocyte endfeet from endothelial cells 3 . The resultant leakage of serum proteins from loosened tight junctions between endothelial cells produces brain edema. At the same time, reactive astrocytes migrate to the injured area, where they proliferate and produce extracellular matrix [4] [5] [6] , thereby reconstituting the BBB. As astrocytes are known to express angiotensinogen 7, 8 , which is the precursor of angiotensins (AI to AIV), we have investigated a possible functional contribution of angiotensinogen or one of its metabolites to BBB reconstitution. The astrocytes of angiotensinogen knockout mice had very attenuated expression of glial fibrially acidic protein and decreased laminin production in response to cold injury, and ultimately incomplete reconstitution of impaired BBB function. Although these abnormalities were rescued by administration of AII or AIV, the restoration of BBB function was not inhibited by AII type 1 and 2 receptor antagonists. These findings provide evidence that astrocytes with angiotensins are required for functional maintenance of the BBB.
We compared the disruption of the BBB in angiotensinogen knockout (Agt-KO) mice 9, 10 with that of wild-type (WT) mice, using cold injury 11, 12 followed by intraperitoneal injection of Evans blue. Exudation of this dye was evident in the Agt-KO brain (n = 3) by day 7 after cold injury (Fig. 1a) , and this disruption of the BBB was not restored even by day 16 after cold injury (Fig. 1c) . In WT mice (n = 4), the disrupted BBB was restored within 5 days after the cold injury, as demonstrated by attenuated leakage of the Evans blue (Fig. 1b) . Without injury, Agt-KO brain did not leak Evans blue (data not shown). These results indicate that deletion of the angiotensinogen gene is involved in impaired BBB function.
Induction of the developmental glial fibrially acidic protein (GFAP) is a prerequisite for astrocyte differentiation, which has an essential role not only in the structural maintenance of central nervous system tissues, but also for the functional maintenance of astrocytes including BBB induction 13 . Moreover, in response to brain injury, astrocytes transform to their reactived form, which accelerates GFAP expression. Therefore, we studied cold-injured brains immunohistochemically to assess the characteristics of the astrocytes present. We prepared astrocytes from WT mice (n = 3; Fig. 2a-c) and Agt-KO mice (n = 3; Fig. 2d -f) 7 days after cold injury. WT astrocytes were reactive in response to the brain injury, showing hypertrophy with more intense GFAP staining ( Fig. 2a and b) . In contrast, astrocytes from Agt-KO mice had less cytoplasm with smaller areas of GFAP staining ( Fig. 2d and e), indicating a qualitative abnormality of the astrocytes in Agt-KO mice. The BBB is composed of astrocytes and endothelial cells that interact through extracellular matrix (ECM) proteins such as laminin and fibronectin, forming tight junctions 3, 14 . To assess the impaired construction of the BBB in Agt-KO mice, we analyzed the expression patterns of ECM proteins after cold injury using immunohistochemistry,. Seven days after injury, laminin expression was found in the astrocytes of WT mice (Fig.  2c ), but its expression was considerably attenuated in Agt-KO mice (Fig. 2f) . Expression of fibronectin and chondroitinsulfate were not affected by cold injury (data not shown).
We compared the adhesion of Agt-KO astrocytes (n = 3) with that of WT cells (n = 3) in culture (Fig. 3) . Compared with the complete adhesion of WT astrocytes (Fig. 3a) , primary cultured Agt-KO astrocytes had poor adhesion (Fig. 3b) , which was accentuated by culture in the presence of the laminin pentapeptide YIGSR-NH2 (data not shown). To examine the direct relationship between angiotensin fragments and cell adhesion ability through the ECM, we supplemented primary astrocytes cultures with 1 nM octapeptide (amino acids 1-8) angiotensin II (AII) (Fig. 3c) for 3 days. AII and AIV administration considerably improved the poor attachment of Agt-KO astrocytes, indicating that these peptides could accelerate this adhesion, probably through laminin production. To investigate the effects of AII and AIV on morphological changes in Agt-KO astrocytes, we treated serumstarved cells with 1 nM AII, 1 nM AIV, or 1 mM dibutyryl cAMP (DB-cAMP, a potent morphogen of astrocytes 15 ). AII and AIV ( Fig. 3g and h, respectively) induced morphological changes, such as the appearance of cellular projections, in Agt-KO astrocytes similar to those in cells treated with DB-cAMP (Fig. 3f) . These changes were not seen in untreated cells (Fig. 3e) .
A distinguishing characteristic of reactive astrocytes, triggered by trauma and seen in many neurodegenerative disorders, is a prominent upregulation of GFAP 16 . Therefore, to determine the mechanism of the morphological changes in Agt-KO astrocytes, we did western blot analysis of GFAP expression in the presence of AII and AIV (Fig. 4a) . We incubated cultured, serum-starved Agt-KO astrocytes with 1 nM AII, 1 nM AIV or 1 mM DB-cAMP. GFAP was induced not only by AII but also by AIV, to levels similar to those induced by DB-cAMP. These findings indicate that AII and AIV may have essential roles in astrocyte maturation, resulting in elevated production of GFAP.
How can AII and AIV similarly rescue the altered phenotype of astrocytes from Agt-KO mice? One possibility is the cross-binding of AIV to AII receptors. Previous studies, however, have proposed that AIV generated by a possible conversion from AII could have some biological action through a newly discovered type of receptor present in the brain [17] [18] [19] [20] [21] . To investigate the effects of AII and AIV on BBB reconstruction, we administered AII or AIV at 100 nmol/day intraperitoneally for 3 consecutive days in Agt-KO mice (n = 4) 1 day after cold injury, followed by Evans blue 5 days after the injury (Fig. 4b) . There was decreased leakage of the dye after treatment with AII (Fig. 4b, brain 2) or AIV (Fig. 4b, brain 3 ) in comparison with no treatment (Fig. 4b, brain 1) , demonstrating the improvement of disabled BBB reconstruction by AII and AIV. Moreover, these effects were not inhibited by administration of AII receptor antagonists CV11937 (100 nmol/day; Fig. 4b,  brain 4 ) or AT1 or PD123319 (100 nmol/day; Fig. 4b, brain 5) for AT2 in the presence of AII (brain 4, n = 3) or (brain 5, n = 3). Therefore, the restoration of BBB observed is probably a result of AIV action through receptor other than AT1 and AT2.
The functional alterations of the BBB with cold injury in Agt-KO mice indicate the physiological importance of AIV, which is capable of regulating laminin and GFAP expression probably through a newly discovered type of receptor, for recovery of the damaged brain. AIV is much less potent than AII, a very potent pressor agent 24 . The differential actions of these two peptides on vasoconstriction may be advantageous for investigating the hormonal recovery of BBB disruption in some encephalopathies resulting from acute and chronic hypertension.
Methods
Cold injury. After mice were anesthetized, their scalps were excised and the parietal region of the head was exposed. A tiny spoon containing dry ice was placed in contact with the left parietal region for five seconds, after which the excised skin was clipped. Mice were killed at fifth (n = 2), seventh (n = 3), and sixteenth (n = 3) day after cold injury. On the day they were killed, 4% (weight/volume) Evans blue was injected intraperitoneally into the mice, and systematic distribution of the dye was confirmed by a change in skin color within 1 h after injection. To investigate the effect of angiotensins on the impaired BBB, 100 nmol/day of AII (n = 4) or AIV (n = 4) were injected intraperitoneally into Agt-KO mice in two administrations per day for consecutive 3 days, beginning one day after cold injury. AII type 1 and 2 receptor antagonists AT1 (100 nmol/day of CV11937) or AT2 (100 nmol/day of PD123319) were injected with AII (n = 3) or AIV (n = 3) for 3 days. These mice were killed for evaluation of Evans blue leakage 5 days after the injury. After decapitation, brains were excised and the extent of leakage of Evans blue was noted macroscopically 11 . Evans blue leakage was quantified by placing brain sections in a test tube containing formamide and incubating them for 72 h, then measuring optical density by spectrophotometry at 620 λ (ref. 25) .
Immunohistochemistry. Brains (n = 3) were excised fixed in Zamboni's solution, and transferred into 0.1 M phosphate buffer containing 20% (w/v) sucrose (pH 7.0). Specimens were embedded in OCT compound (Miles Laboratories, Napierville, Illinois) and stored at -80 °C for immunohistochemical analyses. Thin sections (14 µm in thickness) were washed with PBS. A primary antibody was added to the sections, followed by washing and then reaction with a secondary fluorescein-conjugated antibody. Primary antibodies used were laminin (Life Technologies), GFAP (Boehringer), fibronectin (Boehringer), vimentin (Sigma), and chondroitin sulfate proteoglycan for the detection of reactive astrocytes. Laminin, fibronectin, and chondroitin sulfate proteoglycan were used for detecting ECM produced by immature astrocytes. The immunostained sections were examined by immunofluorescence microscopy. 
